Abstract: We have devised a procedure to incorporate the anthrax protective antigen (PA) pore complexed with the N-terminal domain of anthrax lethal factor (LF N ) into lipid nanodiscs and analyzed the resulting complexes by negative-stain electron microscopy. Insertion into nanodiscs was performed without relying on primary and secondary detergent screens. The preparations were relatively pure, and the percentage of PA pore inserted into nanodiscs on EM grids was high (~43%). Three-dimensional analysis of negatively stained single particles revealed the LF N -PA nanodisc complex mirroring the previous unliganded PA pore nanodisc structure, but with additional protein density consistent with multiple bound LF N molecules on the PA cap region. The assembly procedure will facilitate collection of higher resolution cryo-EM LF N -PA nanodisc structures and use of advanced automated particle selection methods.
Introduction
Bacillus anthracis synthesizes three monomeric proteins that combine to create a formidable protein toxin, anthrax toxin. One of the proteins, called the protective antigen (PA, 83 kDa), binds to either of two cellular receptors and is then cleaved by a cellular protease to form a 63 kDa monomeric form, which oligomerizes to form heptamers and octamers on the cell surface. The other two proteins, lethal factor (LF) and edema factor (EF), are enzymes that act on cytosolic substrates. LF and EF bind competitively to oligomeric PA with a stoichiometry of 1 mol LF or EF per 2 PA monomers. At high concentrations these factors drive PA dimer formation and shift the assembly pathway to favor formation of octameric, as opposed to heptameric, structures on the cell surface.
1,2 Heptameric or octameric PA with the bound LF and or EF cargo is endocytosed, and upon acidification, the PA oligomer transitions from a soluble prepore to a translocation-competent, membrane-inserted pore. The pH gradient between the endosome lumen and the cytoplasm drives the unfolding and translocation of the $90 kDa lethal and edema factors 3 across the endosomal membrane. Once translocated, the factors refold, perhaps with the assistance of cytoplasmic chaperones, and modify their respective substrates, disrupting key cellular processes. 4 In order to understand this fundamentally important translocation process, it is necessary to determine the molecular structure of the PA translocon and its bound cargo proteins. Ultimately, our goal is to obtain three-dimensional structures at a resolution sufficient to map the physio-chemical landscape of the lumen of the translocon. This map will allow us to employ techniques, such as steered molecular dynamics, and derive energy potential functions to understand how this exquisite electrostatic machine accomplishes rapid pH-driven unfolding and directional translocation of the enzymic anthrax effector proteins. Thus far, mapping the lumen has depended upon low resolution structures of the membraneinsertable forms of the PA pore obtained by singleparticle reconstruction electron microscopy techniques. 5, 6 In one study, we used the limits imposed by the electron density obtained from EM to apply structure targeted normal mode flexible fitting (NMFF) approaches 6 to localize interior protein densities that appear to correspond to the critical phenylalanine clamp region. 1 This latter region plays a key role in gating translocation and may chaperone the unfolded protein through this constriction region. Recent data from electron paramagnetic resonance studies and from chemical crosslinking provide biochemical evidence that the unstructured N-terminal portion of the lethal factor resides at or near this constricted clamp region prior to translocation. 7 Given the inherent difficulties in crystallizing the functional pore, an alternative approach is to obtain moderate-to-high resolution cryoEM derived structures. For instance, the structure of the highly symmetric tetradecameric protein GroEL has been solved using cryoEM methods at a resolution of 4 Å . GroEL is a dimer of symmetrical heptameric rings, allowing one to use minimally tilted populations of side views while still covering all rotational space for single particle reconstructions. 8 Similarly, it was found that the PA pore-heptamer-nanodisc structure fortuitously orientates on the carbon-coated EM grid in side view orientations. This allows one to use approaches similar to those used with GroEL to collect population images at shallow tilt angles and apply symmetry operations to reconstruct the PA pore nanodisc structures. Previous work along these lines yielded a low-resolution PA-nanodisc structure using negative stain EM single particle structure analysis. 6 However, the original PA nanodisc sample was highly heterogeneous, containing PA pore inserted into nanodiscs, PA pore inserted into vesicles, aggregated PA pores and prepores, empty vesicles, and free nanodiscs. A superior method was therefore needed to acquire more highly enriched PA-nanodisc samples for cryoEM analysis.
To this end, we devised a method for inserting the anthrax toxin PA pore into lipid nanodiscs that avoids laborious detergent screens, prevents largescale aggregation, and yields relatively pure LF N -PA pore nanodisc complexes. First we covalently linked a mutated, single-Cys form of LF N onto a crosslinked agarose surface via a disulfide bridge and allowed prepore to bind to the immobilized LF N via sites on the prepore cap. The bound prepore was then induced to transition to the pore state. Finally a lipid nanodisc was allowed to form around the exposed hydrophobic tip of the PA pore. The assembled complex was removed from the immobilized surface by disulfide reduction and evaluated using negative stain EM. The resulting samples contained only nanodiscs and LF N -PA pore nanodisc complexes.
Adsorption of these nanodiscs and complexes to the solid carbon EM substrate yielded a high fraction (>50%) in an edge-view orientation, favorable for the analysis. These samples were also subjected to preliminary screens using cryoEM methods. In this latter instance, the purified LF N -PA pore nanodisc complexes also fortuitously orientated on carbon as side views, thus allowing us to proceed with automated particle picking to obtain higher resolution LF N -PA pore nanodisc structures. Single-particle image analysis of the negatively stained samples in combination with 3D reconstruction yielded a structure at 26-Å resolution. Although the LF N -PA-nanodisc structure is observed to be similar to the previously determined PA-nanodisc structure, 6 there is clear evidence that the bound LF N protein contributes extra density to both the PA cap region and within the lumen of the PA pore cap.
Results
Previously we developed a method to initiate the transition from prepore to pore directly on Ni-NTA beads and the assembled nanodiscs around exposed hydrophobic pore tips. 6 This approach gave a moderate yield of pore inserted into lipid nanodiscs, but with a substantial population of empty nanodiscs, lipid vesicles, PA pores inserted into lipid vesicles, and aggregates of both the prepore and pore. Since immobilization of the PA prepore would be predicted to diminish pore aggregation, we designed an alternative prepore-to-pore transition protocol involving first binding prepore to immobilized LF N . The prepore could be captured by the immobilized LF N by virtue of the high binding affinity (K d $1 nM) and the prepore induced to transition to the pore state while bound to LF N . The pore's extended beta barrel structure was predicted to extend $100 Å away from the support surface, reducing the potential for aggregation. After this conversion, nanodiscs could be formed around the exposed hydrophobic tip of the pore, which functions in membrane insertion (Fig. 1 ).
To identify a suitable affinity resin for the prepore, we first prepared two single-cysteine forms of LF N (E126C, R263C) and reacted each with activated thiol-Sepaharose 4B. Based on the fact that the lumen of the prepore (and the pore) is negatively charged and binds the unstructured cationic N-terminal regions of LF and EF, we also prepared a third candidate affinity resin generated by reacting a synthetic single-Cys peptide containing a polycationic tract at the N terminus (KKKKKAGNAGA-NAGAGC) with activated thiol-Sepharose. 7 When
these three candidate resins were tested, the E126C construct was found to have the highest binding efficiency for the prepore. Retention of PA on LF N E126C beads was most efficient in buffer that contained 50 mM NaCl, pH 7.5. The prepore was not retained on polylysine beads, as reflected by poor PA nanodisc formation after overnight incubation. The next steps involved converting the prepore to the pore and forming the nanodisc around the exposed hydrophobic tip (Fig. 1) . Prepore-to-pore conversion was induced by 1M urea at 37 C for 5 min on LF N E126C affinity beads. Before and after conversion, the presence of PA from the supernatant of LF N affinity beads was assessed by SDS-PAGE analysis. There was no protein in the supernatant after conversion from PA prepore to pore, suggesting that a significant amount of PA localized onto the bead surface (Supporting Information Fig. S1 ). The PA pore remained bound to lethal factor beads with its exposed hydrophobic tip projecting away from the support surface, preventing significant aggregation. If the PA pore was eluted from the beads by addition of DTT in the absence of lipids, aggregates were formed that resembled those of PA pore previously characterized [Supporting Information Fig. S2(A,B) ]. After constructing the nanodiscs in the presence of the LF N bead-immobilized PA pore, covalently attached complexes were eluted with DTT (see methods). To further eliminate any pores not bound to nanodiscs, a second affinity purification step on Ni-NTA affinity columns was performed, taking advantage of the MSP1D1 His tag. This second step selected for the His-tagged MSP, and the two-step affinity purification method yielded a sample with minimal pore aggregates and vesicles. Purified complex was assessed by negative stain electron Initial analysis of the EM images was performed by manually selecting 1638 LF N -PA-nanodisc complexes from 20 micrographs. All these particles were subjected to reference free 2D analysis and performed k-means classification using SPIDER, 9 enabling separation into twenty classes, based primarily on differences in PA density and nanodisc size (Supporting Information Fig. S3 ). Eight of these classes, comprising 901 particles with PA density at a constant distance from the nanodisc, were used to generate the twodimensional averages shown in Figure 2 (B). This small 901 image data set was used for a preliminary 3D analysis, yielding a structure [ Fig.  3(A) ] with a nominal resolution of 26 Å , estimated by Fourier shell correlation with a cutoff value of 0.5 (Supporting Information Fig. S4 ). The procedures used for particle selection and alignment, leading to three-dimensional reconstruction, have been described. 6 The lower resolution of the EM reconstruction presented here is likely the result of the limited number of particles used. The structure is similar to that previously determined for unliganded PA pore inserted into nanodiscs 6 as well that of the pore bound to GroEL 5 namely a mushroom-shaped protein complex extending away from the membrane. In the current reconstruction, the LF N -PA complex is 190 Å long, including the nanodisc bilayer, and the seven-fold ''cap'' distal from the nanodisc is 140 Å in diameter. Both of these dimensions are approximately 10 Å larger than those of the previous unliganded reconstruction, presumably reflecting the LF N bound to the cap of PA. The interior of the LF N -PA cap structure appears to be filled with protein (i.e., stain exclusion) [ Fig. 3(B) ] compared to the unliganded PA in the previous publication. 6 This difference is consistent with the insertion of the unstructured amino terminus of the LF N into the translocon channel, as predicted by biochemical and biophysical studies. 7, 10 The structure of the LF N -PA complex was interpreted by fitting the PA pore NMFF structure 6 into the EM densities. In contrast to our previous negative stain reconstruction of the unliganded PA-nanodisc complex, the region identified as PA domain 2 is not as well resolved, and PA domain 3 protrudes radially. It is not clear whether these differences are due to the lower nominal resolution of the latest reconstruction, or to conformational changes induced by LF binding. However, the resulting fit of the NMFF structural elements into the EM density yields a correlation coefficient of 0.8 (vs. 0.87) [ Fig.  3(C) ]. 6 Individual LF N monomers are not resolved in this reconstruction, since it is anticipated that a total of three bound LF N monomers would result in a smeared additional density because of the sevenfold symmetry operation imposed to calculate the structure. To obtain higher resolution structures using electron microscopy, it is necessary to demonstrate that one can resolve individual images in representative cryosamples. As indicated by our negatively stained reconstructions, the side view orientations of the seven-fold symmetrized PA pore-nanodisc, and minimal tilts of that orientation, are adequate for a reasonable three-dimensional reconstruction of the pore. 5, 6 To assess the feasibility of using these specimens for cryo-EM analysis, we prepared unstained frozen specimens and collected initial sets of electron micrographs. Since very few edge-views of the nanodiscs (with or without PA inserted) were visible in cryoEM grids prepared with holey carbon films, we used holey films coated with a thin carbon layer, yielding numerous edge-views [ Fig. 4(A) ]. Sample loading was improved by incubating the solutions on these grids for 1-2 min prior to blotting and freezing. Images collected either on film or on CCD camera exhibited nanodiscs of various sizes, and some of the raw images displayed projecting densities of the same overall shape and dimensions as the LF N -PA reconstructions [ Fig. 4(B) ]. These preliminary observations indicate the feasibility of pursuing higher resolution cryoEM reconstruction of the nanodisc complexes.
Discussion
Membrane protein insertion into lipid nanodiscs is a powerful method for generating soluble complexes that can be purified by simple chromatographic methods. Detergent-solubilized proteins are often prone to denaturation by this standard reconstitution method. It is desirable to construct more relevant physiological structures including lipid vesicles and lipid nanodiscs. The number of structures that use lipid nanodisc platforms is on the rise. [11] [12] [13] [14] [15] Nanodisc-membrane protein structures have been assessed using NMR and more recently reasonable EM structures have been obtained, potentially yielding insights into membrane protein structures that have remained refractory to crystallographic efforts. 6, 16 For EM in particular, it is anticipated that nanodiscs will provide benefits for eventually obtaining easily observed structures because nanodiscs, particularly in their side view orientations, are of high enough contrast to allow easier automated particle picking, ultimately leading to higher image numbers and hence resolution. As shown in Figure  4 , the contrast of the nanodisc appears to be superior to the inserted PA pore although at this defocus value, the protein density of the PA pore can be barely observed. This enhanced contrast of the side view orientation of the nanodisc is due to the electron dense phospholipid head groups. One may be able to resolve a lower contrast image from the inserted protein if the inserted density is matched to a reference, and a translational search is made perpendicular to the nanodisc edge above and below the nanodisc. For negative staining, the contrast differences between the nanodisc and PA pore are not an issue.
Current protocols for assembling membrane protein-nanodisc complexes rely on the initial solubilization of the membrane protein to be inserted and simultaneous removal (usually by dialysis) of detergents from both the solubilized membrane protein and the detergent-lipid-matrix scaffold protein (MSP1D1) micelle. If all goes well, the membrane protein preferentially inserts into detergentlipid-MSP complexes, avoiding large-scale off-pathway self aggregation. In current nanodisc membrane protein insertion protocols, an additional complicating issue that results in potential variability in the assembly steps results from detergent compatibility. The published protocol still carries a degree uncertainty for insertion success where the determining factor is highly dependent on detergent selection (i.e., screens) and the aggregation processes. 17 Although the standard nanodisc preparation methods continue to yield highly pure and useful membrane protein lipid structures, we were unable to garner success constructing PA-nanodisc complexes when using the known PA pore solubilizing detergent Fos14. 18 Realizing that our previous successes in forming observable pores relied on constraining the prepore structure prior to pore transition, 5, 6 we surmised that generating a defined immobilized state of the PA prepore with its authentic truncated LF N protein component should lead to adequate and relatively pure nanodisc PA complexes for EM structural analysis. Indeed, using this unique matrix-attached sulfhydryl linkage with the engineered LF N E126C construct led to a vastly superior purification and insertion of the PA-nanodisc complex. The orientation of PA prepore enables one to transition, expose and extend the PA pore membrane insertion competent tip away from the bead surface into the solution phase. The nanodiscs assemble around the fully exposed PA hydrophobic membrane insertion tip. The most novel element of this procedure indicates that one can avoid extensive detergent screens and acquire large amounts of highly pure PA nanodiscs. In retrospect, the PA prepore is naturally immobilized by surface receptors prior to its transition to the pore state in vivo, insuring a proper directional insertion into the endosomal membrane. Thus, our in vitro immobilization method essentially recapitulates this directional transition, allowing us to avoid large scale aggregation and cumbersome detergent screens. Although the EM structure of the LF N -PA nanodisc complex is at low resolution (26 Å ), it does point out features that are quite distinct from the previous negative stain structure of the PA pore nanodisc complex alone. The initial negative stain structure of the LF N -PA nanodisc complex reveals the extra density contributed by LF N binding. The interior cap region above the Phe427 clamp now contains an extensive stain-excluding area suggesting that the unstructured N-terminal tail of LF N fills this upper cap region. As predicted, binding of the unstructured region of LF N within the PA cap region appears to prevent stain from entering the internal lumen, but a portion of the remaining cavity is observed that appears to be positioned near the Phe427 flexible loop. On the cap ridge itself (where LF N binds), there is additional density that cannot be attributed to NMFF estimates of the conformational readjustments of the PA pore cap 6 (see Fig. 6 in Ref. 6 ). All other features of the PA pore nanodisc are essentially replicated starting from this purified sample. It will be interesting to test the general applicability and success of our immobilization/nanodisc construction method with a broad range of membrane proteins. As a simple practical procedure, we predict that this immobilization procedure will be useful for other membrane protein-nanodisc constructions, provided one can specifically orient and immobilize membrane proteins on inert surfaces, allowing one to fold and form nanodiscs around exposed membrane insertion regions. Employing immobilization/nanodisc construction procedures could be useful to assemble membrane-protein nanodisc complexes without employing tedious and timeconsuming detergent screens. With the advent of numerous affinity immobilization tags, it is entirely conceivable that one could even refold oriented membrane proteins in the presence of the MSP/lipid/cholate micelle mixtures to generate large amounts of correctly inserted membrane protein-nanodisc complexes.
Methods

Materials
Expression and purification of proteins. Wild type PA was expressed recombinantly in the periplasm of Escherichia coli BL21 (DE3) and purified by anion exchange chromatography. 19 PA prepore was purified by anion-exchange chromatography after activation of PA with trypsin. 20 QuikChange sitedirected mutagenesis (stratagene) strategies was used to introduce mutation into plasmids [pET-SUMO (Invitrogen)] encoding recombinant LF N E126C and LF N R263C. These mutants were expressed as His6-SUMO-LF N variants, which were later cleaved by SUMO (small ubiquitin-related modifier) protease, revealing the native LF N E126C and LF N R263C N terminus.
7
Preparation affinity beads. LF N E126C, LF N R263C and poly-lysine peptide (KKKKKAGNAGA-NAGAGC) beads were prepared as follows. Activated thiol sepharose beads ($2.5 g) were washed with 100 mL of water to remove all preservatives. Next, approximately 10 mL of 40 lM of both the LF N constructs and peptide were prepared in 20 mM TrisHCl buffer, pH 8.0, 150 mM sodium chloride and were mixed with the beads in a small conical tube. The suspension was incubated with agitation for 2 h at 4 C to insure adequate covalent attachment of the LF N constructs and multi-lysine peptide onto beads. Activated thiol sepharose beads release 2-thiopyridone upon LF N binding. The reaction progression was monitored by taking small aliquots of supernatant from the mixture as a function of time to monitor the decrease in protein absorbance at 280 nm and concomitant increase in 2-thiopyridone absorbance at 343 nm. The coupling reaction was continued until the absorbance increase at 343 nm no longer changes. At this time, supernatant was separated from beads and discarded. Beads were resuspended in pH 8.0 buffer (above) containing 20% glycerol and stored at À80 C for further use.
Preferential binding of PA to affinity beads. To test if some or all of the now-immobilized LF N constructs can bind to the PA prepore, 100 lL of an initial concentration of PA prepore (1.25 lM) was applied to the various affinity beads (E126C, R263C and N-terminal unstructured peptide alone where the volume of beads was $50 lL). These mixtures were incubated for 10 min at room temperature (25 C), and the supernatant (flow through) was checked using both western dot blot and SDS PAGE densitometric analysis to determine if there was a decrease in unbound protein concentration. By this rough analysis, the binding capacity towards PA prepore was estimated to be 77, 41, and 48% for LF N E126C, LF N R263C and poly lysine beads, respectively. The highest binding efficiency under most conditions tested was obtained using the LF N E126C construct. The binding conditions of the PA prepore to the LF N E126C beads was checked throughout a pH range of 6.5-9.0 and under various sodium chloride concentrations between 5 and 500 mM to determine the best conditions.
Preparation of LF N -PA pore in nanodiscs. PA prepore was found to bind preferentially to LF N E126C affinity beads. About 50 lL of beads were transferred to a mini-spin column (Pierce centrifuge columns 0.8 mL, Thermo scientific, USA) and washed with 50 mM NaCl, 50 mM Tris-HCl, pH 7.5 (buffer A) to remove preservatives. To these washed beads, 100 lL of 0.2 lM PA prepore, and 100 lL 2M urea was added to the spin column containing the immobilized LF N E126C affinity beads. The final concentration of urea was 1 M. Previous EM experiments showed that simply exposing PA to 1M urea at room temperature was insufficient to promote the conversion of the PA prepore to pore. After a short incubation period where PA became bound to the covalently attached LF N , this mixture was heated to 37 C for 5 min to convert the LF N -bound PA-prepore to the LF N -bound PA-pore 5 resulting in a transition to the pore pointed away from the bead surface. After PA conversion was complete (previous incubation times $5 min), LF N beads-PA-urea sample were centrifuged on a tabletop microfuge for 30 s to remove the supernatant and washed twice with 500 lL of buffer A. The initial MSP1D1, POPC, and sodium cholate mixture was combined and incubated for 10 min prior to its addition to the LF N -bound PA-pore beads slurry. Specifically, the His-tagged version of the MSP1D1, palmitoyloleoyl phosphatidylcholine (POPC), and Na cholate mixture (2.5 lM MSP1D1, 162 lM POPC in buffer A containing 25 mM sodium cholate) were added to the prepared LF N E126C affinity bead-PA pore complex to yield final volume mixture (400 lL) containing approximately 0.2 lM immobilized PA-pore heptamer. The mixture, including the beads, was dialyzed with Spectra/Por Membranes molecular weight cutoff: 12-14,000 (spectrum) in excess buffer A for 8-12 h in the presence of 400 mg of bio-beads to accelerate cholate removal and nanodisc formation. The LF N beads were collected after dialysis, washed 25 times with 400 lL of buffer B (50 mM NaCl, 50 mM TrisHCl, pH 7.5, and 5 mM EDTA) to remove any empty nanodiscs. The LF N -PA-nanodisc complex was covalently uncoupled from the bead matrix (disulfide reduction) by incubating the mixture with 50 mM DTT (50 lL prepared from 1M DTT stock) to the spin column containing beads with the newly formed LF N -PA-nanodisc complexes. This column was sealed and the column contents were incubated for 30 min at room temperature using a gentle rotary wheel to insure complete reduction. The supernatant now containing the newly assembled LF N -PA-pore-nanodisc complexes were centrifuged to separate the beads from the complex. The LF N -PA-nanodisc complexes were applied to another spin column containing 50 lL of Ni-NTA resin, which was preliminarily hydrated and equilibrated with 500 mM NaCl, 50 mM Tris-HCl pH 7.5, 10 mM imidazole (Buffer C) in order to bind the newly formed LF N -PA-nanodisc through its MSP1D1 affinity His-tag. During this final incubation purification, 10 mM imidazole and 500 mM NaCl was also included to prevent non specific binding of PA to Ni-NTA column (as revealed in Ref. 6 ). After 10-min incubation, sample sizes of 50
lL Ni-NTA resin immobilized complexes were spun down, the flow-through was discarded. The beads were washed twice with buffer C and then washed twice with a 50 mM NaCl, 50 mM Tris-HCl pH 7.5, 10 mM imidazole solution insure against any contamination from free PA and/or PA aggregates. To elute the LF N -PA pore-nanodisc complex, 50 lL of 100 mM imidazole was added to the $50 lL slurry volume of Ni-NTA beads, the mixture was incubated for 10 min on ice and the eluted LF N -PA-nanodisc complex was prepared for electron microscopic analysis.
Negatively stained EM specimen preparation and data collection. For EM grid preparations, a diluted mixture of the LF N -PA-nanodisc, estimated to be approximately 0.2 lM in LF N -PA, was applied to carbon-coated Cu 300 mesh grids and stained with 1% methylamine tungstate as described previously. 6 Images were recorded on film using a minimal-dose procedure at a magnification of 60,000Â using a JEOL 1200EXII electron microscope at defocus values between 0.6 and 0.7 lm. The micrographs were digitized using a Microtek ScanMaker i900 scanner at a pixel size of 5.4 Å on the specimen. Four micrographs were analyzed, each containing 100-150 nanodiscs, of which 40-50% had one or two PA molecules inserted.
